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when	grown	at	e[CO2]	concentration	 (≥550	μmol/mol)	compared	to	ambient	 [CO2] 












published	 meta‐analysis	 studies	 of	 crops	 responses	 to	 free‐air	 [CO2]	 enrichment	
(FACE).	However,	the	integration	of	the	influence	of	reporting	bias	did	not	affect	the	
significance	or	the	direction	of	the	[CO2]	effects.
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mental	 changes	 (Mueller	 et	 al.,	 2016).	 Since	 the	 industrial	 revolu‐
tion,	 the	 increase	 in	 [CO2]	 has	been	documented	and	 is	predicted	
to	increase	more	in	the	middle	of	the	century	(IPCC,	2014).	Changes	














the	 demand	 for	 these	 nutrients	 can	 be	 modified	 by	 genetic	 and	
environmental	 factor	cropping	systems.	Thus,	understanding	grain	
quality	trait	responses	to	e[CO2]	under	a	range	of	climate	stressors	
is	 required	 to	 develop	 adaptation	 strategies	 to	 inevitable	 climate	
change.
The	 effect	 of	 e[CO2]	 on	 different	 plant	 physiological	 pro‐
cesses,	such	as	photosynthesis	and	stomatal	conductance,	is	well	
researched	 (Leakey	 et	 al.,	 2009;	 Thilakarathne	 et	 al.,	 2013).	 It	
has	 been	well	 established	 that	 elevated	 [CO2]	 increases	 photo‐
synthetic	rates	(Drake,	Gonzàlez‐Meler,	&	Long,	1997;	Ehleringer	
&	 Cerling,	 2002;	 Rosenthal	 &	 Tomeo,	 2013;	 Yamori,	 Hikosaka,	
&	 Way,	 2014),	 while	 stomatal	 conductance	 decreases	 across	 a	
range	 of	 plant	 species	 (Ainsworth	 &	 Long,	 2005;	 Ainsworth	 &	
Rogers,	 2007;	 Farquhar	 &	 Sharkey,	 1982;	 Medlyn	 et	 al.,	 2001).	
Correspondingly,	 a	 number	 of	 researchers	 have	 considered	 the	
concept	of	 food	security	 in	regard	to	e[CO2]	 (Ziska	et	al.,	2012).	
Furthermore,	an	ample	number	of	studies	have	documented	the	
issue	of	water	use	efficiency	under	 e[CO2]	 levels	 as	well	 (Chun,	
Wang,	 Timlin,	 Fleisher,	 &	 Reddy,	 2011;	 Keenan	 et	 al.,	 2013).	
However,	the	effect	of	e[CO2]	on	plant	quality,	including	nutrition,	










Six,	 Hungate,	 and	 van	 Kessel	 (2006),	 Conroy	 (1992),	 and	 Giri,	






Tittmann,	Honermeier,	&	 Stoll,	 2018).	Wohlfahrt	 et	 al.	 reported	





e[CO2]	 have	 been	 reported	 across	 a	 number	 of	 functional	 groups	
(Kimball,	 Kobayashi,	 &	 Bindi,	 2002).	Micronutrients	 requirements,	
particularly	Fe	and	Zn,	in	grain	and	the	consequences	of	not	having	
these	micronutrients	at	the	required	amount	are	well	explained	by	
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in	 nitrogen	 impeded	 the	 process	 of	 balancing	 the	 protein	 content	
and	carbohydrate	content	which	negatively	affected	the	production	
by	delaying	the	entry	of	the	plant's	maturation	stages.	Also,	increas‐
ing	 the	nitrogen	of	 the	distant	boundaries	of	 the	necessary	needs	
led	grain	crops	to	produce	a	crop	without	grain.	In	addition,	low	wet‐






includes	 five	 different	 crops:	 wheat,	 rice,	 maize	 as	 a	 cereal	 crops	
and	soybean	and	field	peas	as	 legumes.	These	crops	define	differ‐

























2  | MATERIAL S AND METHODS
2.1 | Data selection
In	 2017,	 a	 database	 of	 the	 effect	 of	 [CO2],	 temperature,	 and	 ni‐
trogen	 on	 grain	 protein	 and	 grain	 yield	 was	 created	 (Al‐Hadeethi	
et	 al.,	 2017).	 This	database	was	obtained	 from	 the	website	of	 the	
journal	scientific	data	(http://www.nature.com/artic	les/sdata	20153	
6#data‐records;	Dietterich	 et	 al.,	 2015).	 The	 investigation	was	 fo‐
cused	on	grain	proteins	and	grain	yields	of	wheat	crops	in	Victoria,	
Australia,	under	 two	different	 [CO2]	 levels	 (ambient	and	elevated),	
two	levels	of	nitrogen	(low	and	medium),	and	one	level	of	tempera‐
ture	(ambient).	A	procedure	based	on	the	dplyr	package	in	R	program	
(Wickham,	 2011)	 was	 utilized	 to	 re‐arrange	 data	 from	 individual	
studies,	 separately,	 under	 the	 conditions	 considered	 in	 this	 study	

















were	expanded.	 In	 addition,	 a	 compilation	of	 additional	 data	 from	
literature	 using	 a	 comprehensive	 keyword	 search	 in	 various	 data‐
bases	(Web	of	Science,	Scopus,	and	Natural	Resources	Index)	and	an	











of	 data	 to	 the	 data	 compatible	 for	meta‐analysis	was	 carried	 out.	
Conducting	a	meta‐analysis	demands	a	set	of	clear	and	proportion‐
ate	 information	about	the	 individual	studies.	The	following	criteria	
were	 important	 to	 selecting	 appropriate	 studies	 to	 be	 included	 in	
this	 analysis.	 First,	 sample	 size,	 mean,	 and	 standard	 deviation	 or	
standard	error	had	to	be	reported	for	the	treatments	of	e[CO2]	and	
a[CO2].	 Second,	 crop	 species	 and	 experimental	 design	were	 iden‐
tified.	Finally,	for	studies	that	did	not	report	grain	protein	concen‐
tration,	 protein	 values	 were	 calculated	 based	 on	 a	 measurement	
of	 nitrogen	 and	 a	 conversion	 to	 protein	 using	Equation	 (1),	where	
k	=	5.36	(Myers	et	al.,	2014).
The	 different	 levels	 of	 [CO2]	 treatments	 were	 classified	 as	
“elevated”	(CO2	concentration	≥	550	μmol/mol)	and	as	“ambient”	
(CO2	 concentration	≤	 380μmol/mol).	 The	water	 status	was	 clas‐
sified	 as	 “wet”	 (water	 amount	 include	 precipitation	 +	 irrigation)	
or	 as	 “dry”	 (water	 amount	 include	 only	 precipitation	 or	 without	
precipitation	 +	 irrigation).	 Nitrogen	 concentrations	 (the	 amount	
(1)protein (weight%)=k × nitrogen (weight%)
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of	 nitrogen)	 were	 classified	 as	 “low”	 (nitrogen	 concentration	
equivalent	to	zero	kg	N	per	ha),	“medium”	(50	kg	N/ha	≤	nitrogen	
concentration	 <	 120	 kg	 N/ha),	 and	 “high”	 (nitrogen	 concentra‐









to	 that	of	 the	control	group	were	estimated	 (Rosenberg,	Adams,	
&	Gurevitch,	2000).	This	analysis	has	the	merit	of	estimating	the	








decrease	 in	 the	 variable	 compared	with	 the	 ambient	 status,	 and	
positive	 percentage	 changes	 indicate	 an	 increase	 in	 the	 account	
of	e[CO2]	conditions.	In	previous	meta‐analyses	on	[CO2]	effects,	
effect	 sizes	were	weighted	using	 the	 inverse	of	 pooled	 variance	
(Ainsworth	&	Long,	2005;	Duval	et	al.,	2012),	replication	(Adams,	
Gurevitch,	&	Rosenberg,	 1997;	 Blankinship,	Niklaus,	&	Hungate,	
2011),	or	unweighted	effect	sizes	 (Wang,	2007).	 In	 the	database	
of	 this	 study,	 the	 collected	 studies	 did	 not	 constantly	 include	
published	 variance.	 Furthermore,	 the	 variance‐based	 weighting	
function	might	result	in	excessive	weights	for	some	studies	while	
weighting	using	replication	could	produce	less	excessive	weights	
(Van	Groenigen,	Osenberg,	&	Hungate,	 2011).	 Thus,	 the	 studies	
were	weighted	by	replication	using	a	function	of	sample	size	given	
by	Equation	(2).
where na	 and	ne	 represent	 the	number	of	 replicates	of	 the	 ambient	
and	elevated	[CO2],	respectively	 (Adams	et	al.,	1997;	Van	Groenigen	
et	al.,	2011;	Hedges	&	Olkin,	1985).	To	calculate	mean	effect	sizes	and	
95%	 confidence	 intervals,	 bootstrapping	 techniques	were	 used.	 For	
the	bootstrapping	using	statistical	software	MetaWin	2.1	(Rosenberg	




















nificant	 if	 the	 confidence	 interval	 did	 not	 overlap	 with	 zero.	 The	
means	of	various	categorical	variables	were	considered	significantly	
different	if	their	95%	confidence	intervals	did	not	overlap.
2.3 | Techniques to assess publication bias
Although	meta‐analysis	provides	an	accurate	technique	to	combine	



























(12)p=2[1− (휑( ||Z|| ))]










pose	 a	 narrative	 review.	 Though,	 meta‐analyses	 and	 systematic	
reviews	 be	 given	more	 attention,	 perhaps	 due	 to	 these	 advanced	
techniques	are	more	accurate	 than	other	methods	 to	 synthesizing	




treatment	effects	on	 the	X‐axis	 and	 the	measure	of	 every	 study's	
size	 such	 as	 inverse	 of	 variance	 on	 the	 Y‐axis	 (Light	 &	 Pillemer,	






3.1 | Response of protein to e[CO2] under different 
N and water







tion	 (2.69%)	under	medium	N	 level,	but	a	greater	and	significant	 re‐
duction	in	protein	concentration	(9.36%)	under	high	N.	Overall,	a	small	

































































































Effect of elevated [CO2 ] and Effect of elevated [CO2] and
N on crop protein water on crop protein









decreased	 the	 protein	 concentration	 in	 corn	 by	 5.63%.	 The	 protein	





Elevated	 [CO2]	 resulted	 in	a	respectable	reduction	 in	protein	con‐
centration	in	rice	by	(5.31%).	A	nonsignificant	reduction	in	protein	
concentration	under	dry	conditions	(3.38%)	and	a	significant	reduc‐
tion	 in	 protein	 concentration	 under	 wet	 conditions	 (9.55%)	 were	
observed.	 Elevated	 [CO2]	 caused	 a	 nonsignificant	 decrease	 in	 the	
protein	concentration	in	field	peas	(1.71%).	The	protein	concentra‐
tion	showed	a	nonsignificant	decrease	of	4.12%	under	wet	condi‐









3.2 | Response of Zn to e[CO2] under different 
N and water
Overall,	 the	 Zn	 concentration	 in	 wheat	 decreased	 by	 9.1%	
under	e[CO2]	 as	 shown	 in	Figure	2.	The	 reduction	 in	 the	grain	Zn	
































































































Effect of elevated [CO2] and
 N on crop Zn
Effect of elevated [CO2] and 
water on crop Zn
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concentration	was	significant	at	8.4%	and	12.12%	for	low	and	me‐
dium	N	levels,	respectively.	The	Zn	concentration	in	rice	decreased	
under	 e[CO2]	 (3.44%).	 The	 reduction	 in	 the	Zn	 concentration	was	
considerable	under	medium	N	(4.82%)	but	nonsignificant	under	high	
N	 (1.18%).	Elevated	 [CO2]	 decreased	 the	Zn	concentration	 in	 field	
peas	(7.04%).	The	reduction	in	the	Zn	concentration	was	large	under	
low	N	 (10.08%)	 and	 under	medium	N	 (3.91%).	 Elevated	 [CO2] de‐
creased	the	Zn	concentration	in	soybean	by	5.64%.	The	Zn	concen‐
tration	decreased	significantly	under	 low	and	medium	N	by	5.89%	
and	5.2%,	 respectively.	 Elevated	 [CO2]	 significantly	 decreased	 the	











tively.	 Elevated	 [CO2]	 decreased	 the	 Zn	 concentration	 in	 soybean	
significantly	 by	 5.64%.	 There	 were	 significant	 reductions	 in	 the	




3.3 | Response of Fe to e[CO2] under different 
N and water








































































































Effect of elevated [CO2] and N on crop Fe Effect of elevated [CO2] and water on crop Fe

























A	hypothetical	publication	bias	 induced	 reductions	 in	 [CO2]	effect	
size	of	28.02%	in	crop	protein	(Figure	4),	30.9%	in	crop	Zn	(Figure	5),	
and	11.23%	in	crop	Fe	 (Figure	6).	Our	analysis	 is	 indicative	of	me‐
dium	levels	of	bias	within	published	meta‐analysis	studies	of	crops	
responses	to	FACE.	Although	the	integration	of	the	influence	of	re‐




4.1 | Effect of CO2, N, and water on grain protein
The	overall	results	were	in	line	with	our	hypothesis	that	e[CO2] would 
reduce	 the	 protein	 concentration	 in	 most	 of	 the	 selected	 crops.	







In	 most	 of	 the	 nonlegume	 C3	 and	 C4	 crops	 including	 corn,	
wheat,	and	rice,	the	protein	concentrations	decreased	under	me‐
dium	N	and	dry	conditions.	The	decreased	protein	concentrations	
in	 the	 nonlegume	 crops	 under	 e[CO2]	 are	 a	 consequence	 of	 de‐
creasing	 protein	 concentrations	 in	 their	 photosynthetic	 tissues	
(Fangmeier,	 Chrost,	 Högy,	 &	 Krupinska,	 2000;	 Fangmeier	 et	 al.,	
1999).	Studies	have	demonstrated	 that	a	decrease	 in	protein	 re‐
sults	from	a	decreased	rubisco	concentration	(Ainsworth	&	Long,	











test	of	asymmetry:	τ = 0.552; = 0.0004; 
Regression	test	for	asymmetry:	z	=	‐7.76;	
= 0.0001
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2005)	and	a	carbohydrate‐dependent	decrease	in	the	expression	
of	photosynthetic	genes	(Moore,	Cheng,	Sims,	&	Seemann,	1999).	











2000),	 thus	 increasing	grain	components	 (Jablonski	et	al.,	2002).	
Studies	 have	 shown	 that	 N2‐fixing	 legumes	 are	 typically	 more	





























An	 imbalance	 of	 different	 micronutrients,	 including	 Fe,	 is	 ex‐

















studies	 in	a	meta‐analysis	would	show	 larger	 intervention	effects	
that	 may	 be	 suggestive	 of	 publication	 bias	 (Higgins	 and	 Green,	
2006).	However,	even	if	small	studies	are	associated	with	larger	in‐
tervention	 effects,	 this	may	 be	 due	 to	 other	 reasons	 rather	 than	
publication	bias	(Higgins	and	Green,	2006;	Sterne	et	al.,	2011).
5  | CONCLUSIONS
Raising	atmospheric	 [CO2]	 is	 likely	to	decrease	protein,	Zn,	and	Fe	
concentrations	in	many	crops	such	as	wheat,	rice,	and	corn.	However,	
protein	 and	 Fe	 concentrations	 increase	 in	 soybean	 under	 e[CO2]. 
Nevertheless,	 reduction	 in	protein,	Zn,	and	Fe	concentrations	was	
found	to	be	consistent	over	diverse	species	across	a	wide	range	of	
experimental	 techniques	 and	 environmental	 conditions.	 Increased	
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